The 5-HTTLPR polymorphism has been widely regarded as a potential genetic risk factor for affective disorders. Consistent with this, this polymorphism has been associated with altered amygdala responses at rest and in response to aversive stimuli. However, the strength of this association remains uncertain. We sought to synthesize existing data on the association between the 5-HTTLPR polymorphism and amygdala activation and ascertain the strength of evidence for this association. Meta-analytic techniques were applied to data from relevant published studies and unpublished data sets to obtain an estimate of the likely magnitude of effect of any association. The large number of studies allowed us to apply a formal test of publication bias, as well as explore the impact of various study-level characteristics on the magnitude of the observed effect size. Our meta-analysis indicated that there is a statistically significant but small effect of 5-HTTLPR on left and right amygdala activity. However, there was considerable between-study heterogeneity, which could not be fully accounted for by the study design and sample characteristics that we investigated. In addition, there was evidence of excess statistical significance among published studies. These findings indicate that the association between the 5-HTTLPR and amygdala activation is smaller than originally thought, and that the majority of previous studies have been considerably under powered to reliably demonstrate an effect of this size.
Introduction
Since its discovery in 1996, 1 a functional polymorphism (5-HTTLPR) in the promoter region of the serotonin transporter gene (SLC6A4) has increasingly been regarded as a potential genetic risk factor for affective disorders. One of the best described findings regarding the association between the 5-HTTLPR and vulnerability to affective disorders has come from imaging genetics studies, which have suggested increased amygdala responses to aversive stimuli in carriers of the short (S) allele of the 5-HTTLPR. This association was first reported in a study which suggested that the influence of this polymorphism could account for over 20% of the variance in the amygdala response to aversive face stimuli. 2 The association between the S allele and heightened amygdala activity has subsequently been replicated in healthy volunteers [3] [4] [5] [6] [7] [8] and further reported in patients with social phobia, 9 panic disorder 10 and major depression. 5, 11 Given that increased amygdala activation has been associated with depression and anxiety, [12] [13] [14] this finding is consistent with the idea that the S allele of the 5-HTTLPR is a risk factor for affective disorders. 15 Although the frequency of replication appears impressive, there is an ongoing discussion about the effect size of the association between the 5-HTTLPR and amygdala responses. A previous meta-analysis 16 suggested that this association is significant and accounts for about 10% of phenotypic variance. Since the publication of this meta-analysis, 16 there has been an influx of further studies investigating the link between the 5-HTTLPR and amygdala activation and there has been some evidence of growing inconsistency in the field.
It is possible that some of these inconsistencies may be due to variation in individual study characteristics, such as the imaging method used (for example, functional magnetic resonance imaging (MRI), positron emission tomography and perfusion) or aspects of the task design or analysis approach. For example, while many studies used tasks that involved the presentation of affective stimuli, there has been a broad range of stimuli used (for example, faces, words and pictures) and the task that participants have been required to do (for example, passive viewing, gender discrimination and explicit recognition of facial expression) has varied across studies. Further, the way in which neuroimaging data have been analyzed, and in particular the contrast used within the subtraction method, has varied across studies. Many previous studies have compared amygdala responses to threatening stimuli with non-emotional stimuli (for example, see refs 2,3), but others have used higher level comparisons such as fearful faces compared with neutral faces (for example, see refs 5,10) . Such differences may well account for some of the heterogeneity in effect size across studies, especially as some studies have reported that the association of the 5-HTTLPR with amygdala activation is mainly driven by a greater deactivation of amygdala responses to neutral or control stimuli in S allele carriers rather than increased responses to negative stimuli per se. 4 Meta analysis allows the indirect investigation of these study design characteristics by comparing pooled effect size estimates grouped by study characteristic. In principle, this may clarify why some studies fail to detect an effect even though the effect is present, and inform the design and conduct of future primary studies.
There is also increasing concern that the genetic literature may be distorted by various biases, which would lead to a misleading impression of the strength of the association between 5-HTTLPR and amygdala activity. The previous meta-analysis of this literature 16 suggested a potential publication bias and concluded that the size of the association may be currently overestimated. In addition, the majority of studies to date have used relatively small sample sizes and there has been a tendency to duplicate data points across studies (for example, see refs 2,6) increasing the likelihood of Type I error. Given that the number of studies in this field has more than doubled since the publication of this previous analysis, it is important to reassess the strength of evidence for the association between 5-HTTLPR and amygdala activity.
We therefore applied established meta-analytic techniques to further synthesize existing data on the association between the 5-HTTLPR polymorphism and amygdala activation and ascertain the strength of evidence for this association. The large number of studies allowed us to apply a formal test of publication bias, as well as explore the impact of various study design characteristics on the magnitude of the observed effect size.
Materials and methods

Selection of studies for inclusion
Genetic association studies of the 5-HTTLPR polymorphism and amygdala activation were identified using a search strategy described previously. 16 This included contact with research groups whom we knew from personal communications to hold relevant data for inclusion, to minimize the potential for our results to be distorted by publication bias. Unpublished data from two studies in our own laboratory were also included in the analysis (Z Mannie et al, unpublished data; SE Murphy et al, unpublished data; see Supplementary Information for full details of methods). Studies that reported the effect of the 5-HTTLPR polymorphism on resting state amygdala activity, or on amygdala activity in response to affective stimuli (for example, emotional faces, words and pictures) or the induction of emotional state (for example, public speaking) were included. Studies in children (for example, see ref. 17) or adolescents (for example, see ref. 18) were not included in the analysis.
Data extraction
For each study, the following data were extracted: (1) author (s) and year of publication; (2) data (mean and s.d. of amygdala activity in short and long genotype groups, number of participants, mean age and male/ female ratio) and (3) study design. Study design was coded (where applicable) for: sample (healthy volunteer, patient), task requirement (passive viewing of the stimulus, explicit encoding of the stimulus, incidental encoding of the stimulus), stimulus type (faces, words, pictures), stimulus contrast (fixation, shape, neutral image), at rest (yes, no), imaging method (functional MRI, positron emission tomography, perfusion MR), stimulus presentation (unmasked, masked), stimulus emotion (fear, anger, negative), deviation from Hardy-Weinberg equilibrium (no, yes, not stated), ancestry (European, mixed/other) and publication (published, unpublished). Tasks were coded as 'explicit' if participants were required to assess the emotion of the affective stimuli presented. For the coding of stimulus presentation, presentation times of 33 ms or less were coded as masked, and longer presentation times as unmasked. Studies were defined as 'published' if they appeared as primary studies no later than 2 September 2011. Studies were defined as 'at rest' if participants were in a resting state during the scan and not required to engage in any task. Where possible, the data included in the meta-analysis had the following characteristics, to be as close to the original study 2 as possible: right amygdala, unmasked, aversive face stimuli (anger and/or fear) and shape (or other low level) contrast. In addition, where data were also available for both hemispheres, the data for the left amygdala were also extracted and included in a subsequent analysis. Some studies reported genotype information that took account of an additional singlenucleotide polymorphism in the L allele of 5-HTTLPR (rs25531 A/G), reported by Hu et al. 19 In these studies the Lg allele was treated as functionally equivalent to the S allele and grouped accordingly.
Where data were not reported in an appropriate format in the original study, and attempts to contact study authors unsuccessful, data were extracted manually from figures where possible.
Analysis of data
Effect size estimates (Hedge's g) for individual studies were calculated from mean amygdala activation and corresponding s.d. by 5-HTTLPR genotype where these data were available, or reported effect size estimates, t-statistics or P-values where these data were not available Hedge's g is a measure of standardized mean difference, similar to Cohen's d but including a correction for small sample size.
We used a random effects framework throughout, with gs pooled using DerSimonian and Laird methods. 20 A random effects framework assumes that between-study variation is due to both chance or random variation and an individual study effect, and provides an estimate of the range of likely effect sizes across the populations sampled by individual studies. Random-effects models are more conservative than fixed-effects models and generate a wider confidence interval (CI), but give similar results under conditions of low between-study heterogeneity. The significance of the pooled g was determined using a Z-test Between-study heterogeneity was estimated using the I 2 statistic. Conventionally, values of 25%, 50% and 75% represent the upper thresholds for low, moderate and high heterogeneity, respectively.
The effect size estimate of the first published study was compared with the pooled effect size of the remaining studies using a Z-test, and for published studies a meta-regression of individual study effect size against year of publication conducted, as there is evidence for a substantially greater estimate of effect size in the first published study, and decreasing effect size with increasing year of publication. 21 Small study bias was also assessed using Egger's test. 22 Finally, the number of expected studies with statistically significant results was estimated, based on the average statistical power of individual studies given the likely true effect size, and compared against the number of observed significant studies to test for an excess of statistically significant results in this literature. 23, 24 Briefly, the expected number of statistically significant findings is calculated using the achieved power of each individual study assuming that the pooled effect size estimate from the meta-analysis is a reasonable estimate of any true population effect. This is compared against the observed number of statistically significant findings using a binomial test. Our approach was conservative as it took observed significant findings from those individual study effects in our meta-analysis. These did not include adjustment for covariates as may have been the case in the published report of those data.
We also conducted a series of stratified analyses and meta-regression analyses to assess the impact of various study design characteristics. The analyses were conducted using the Comprehensive Meta-Analysis (v2) statistical software package (Biostat, Englewood, NJ, USA). Exact P-values are reported throughout. 28, 30, 33 ) reported data separately for patients and controls, and these were treated as independent samples. In all studies except one, 28 data were based on independently defined amygdala regions of interest, which were either anatomically or functionally defined. The characteristics of these studies are described in Table 1 .
Results
Description of studies
Data from six published studies were not included, in two cases because these data were reported in other studies included in our meta-analysis, 31, 34 in three cases because data were not reported in a format that enabled their inclusion and contact with the study author was not successful in obtaining these data 36, 39, 40 and in one case where study characteristics were superficially relevant but on closer inspection turned out to not be appropriate for inclusion. 29 This resulted in a total of 34 independent study samples for inclusion and analysis. Data from one unpublished data set included in a previous meta-analysis 16 were not included at the request of the researcher (MB Stein, personal communication, 17 August 2009).
Meta-analysis
When all samples (k = 34) were included there was weak evidence of association between 5-HTTLPR and amygdala activation in the predicted direction (g = þ 0.21, 95% CI 0.00, þ 0.43, P = 0.050), with evidence of substantial between-study heterogeneity (I 2 = 70%). These results are presented in Table 2 . When this analysis was restricted to published studies only, the strength of evidence of association was greater and the effect size estimate increased (g = þ 0.35, 95% CI þ 0.15, þ 0.55, P = 0.001), but there remained considerable between-study heterogeneity (I 2 = 60%). Among published studies only (k = 29), meta-regression did not indicate an effect of year of publication (P = 0.25). The effect size estimate for the first published study (g = þ 0.97), while larger, did not differ significantly from the pooled effect size estimate for the remaining studies (k = 28, g = þ 0.33, P diff = 0.11). Egger's test did not indicate any evidence of small study bias (t(27) = 1.20, P = 0.24), although there was some evidence of asymmetry in a funnel plot of study precision against effect size (Figure 1) . However, Ioannidis's test indicated an excess of statistically significant results compared with the number that would be expected given the average statistical power of individual studies (O = 11, E = 5.5, P = 0.027), based on the less conservative estimate of the likely true effect size derived from our meta-analysis (g = 0.35). This latter test may be more appropriate, as Egger's test is insensitive when most studies are of similar size.
Stratified analyses of all data indicated that there was a significant moderating effect of Hardy-Weinberg equilibrium status, with larger effect size among studies where genotype frequencies deviated from equilibrium, or where this was not reported. There Table 1 Characteristics of studies included in meta-analysis 5-HTTLPR and amygdala meta-analysis SE Murphy et al was no significant moderating effects of any other study-level characteristics (see Table 2 ), including imaging method (functional MRI, positron emission tomography and perfusion MR), task requirement (passive viewing of the stimulus, explicit encoding of the stimulus, incidental encoding of the stimulus), stimulus contrast (fixation, shape and neutral image), stimulus type (faces, pictures), sample (healthy volunteer, patient), at rest (yes, no) and ancestry (European, mixed/other). The effect of stimulus presentation (unmasked, masked) was not investigated due to the small number of studies using masked presentation of images. These findings were not altered substantially when restricted to published studies only. Notably, in nearly all cases the high levels of between-study heterogeneity persisted when analyses were stratified by study-level characteristics. Meta-regression, where data were available, did not indicate a significant relationship between individual study effect size estimate and the proportion of male participants (k = 29, P = 0.25), but did indicate a significant positive relationship with the average age of participants (k = 27, slope = þ 0.02, P = 0.010). When unpublished data were included, the relationship between age and effect size still held, and weak evidence for a positive relationship with sex ratio emerged (k = 33, slope = þ 0.01, P = 0.067).
Excluding data from one study 2 that were partially (68% of sample) reported elsewhere 6 did not alter these results substantially. Similarly, removing one study, 28 comprising two samples, which did not use an independently defined ROI did not alter these results substantially.
The effect size estimate from our meta-analysis (g = 0.35) indicated that a sample size of N = 236 would be required to achieve 80% power at an a level of 0.05, assuming a LL genotype frequency of 40%. Power calculations were performed using G*Power. 46 In the left amygdala, there was evidence of a similar size of association between 5-HTTLPR and amygdala activation. When all available samples (k = 21) were included there was a significant effect of genotype in the predicted direction (g = þ 0.22, 95% CI 0.00, þ 0.43, P = 0.046). When this analysis was restricted to published studies only (k = 19), the effect size estimate remained the same but the strength of evidence of association was weaker (g = þ 0.22, 95% CI À0.02, þ 0.45, P = 0.067). These results are presented in Table 3 .
Discussion
Our meta-analysis indicated that there is a marginally statistically significant but small effect of 5-HTTLPR on left and right amygdala activity. Under a randomeffects model, the effect size estimates within the 95% CIs ranged from g = 0.00 to 0.43. The size of this effect for the right amygdala increased when only published studies were included in the analysis (ranging from g = 0.15 to 0.55) but there was evidence of excess statistical significance among these. In all cases, there Descriptive characteristics of eligible studies are presented.
5-HTTLPR and amygdala meta-analysis SE Murphy et al
was evidence of between-study heterogeneity, which could not be fully accounted for by the study design and sample characteristics that we investigated. The association between the S allele and increased amygdala responses to aversive stimuli is well documented 2, 3, [5] [6] [7] [9] [10] [11] 31 and has contributed to a widely accepted view that this polymorphism represents a 
Precision (1/SE)
Effect Size (g) Figure 1 Study precision (1/SE) is plotted against effect size (g). Asymmetry in the plot in the predicted direction (that is, a relative lack of low accuracy or small studies, which indicate no effect or a direction of effect opposite to that reported in the first published study) suggests possible publication bias. SE, standard error. 20 robust and important risk factor for affective disorders.
A previous meta-analysis estimated that the 5-HTTLPR may account for about 10% of the variance in amygdala activation; however, it was noted that this may have been an overestimate in light of evidence, suggesting a potential publication bias. 16 The current meta-analysis, which includes over double the number of published studies, indicated a high degree of heterogeneity across samples. It is noteworthy that the random-effects model addresses a different research question to the fixed-effects model; specifically, it provides a range of effect sizes, which may exist across the different populations sampled, rather than the best estimate of effect size in a single population. This is appropriate given the substantial between-study heterogeneity we observed, even in our stratified analyses. This analysis suggests that the effect size of the association between the 5-HTTLPR and amygdala activation is smaller than previously thought, accounting for B1% of the variance in amygdala activation. Importantly, even at the upper bound of the range of estimates, this analysis suggests that the 5-HTTLPR accounts for B4.6% of variance amygdala activation.
Perhaps the most striking result to emerge from this analysis is the power analysis that suggests, if the least conservative effect size (from only published studies) is accepted, a sample of 236 participants would be needed to reliably observe an association of this size. Importantly, this analysis also indicated that, to date, no single study has been sufficiently powered to reliably demonstrate an effect of this size. Indeed, the largest published study is a perfusion MR study, which showed no evidence of association (g = 0.00) with a sample size of N = 183. 43 Although it is important to take into account that this large scale study assessed baseline perfusion in the amygdala, rather than the amygdala response to affective stimuli, our stratified analysis suggested that method (for example, functional MRI vs positron emission tomography vs perfusion) did not significantly moderate the effect size estimate (see Table 2 ).
Given the high degree of heterogeneity across samples, it is possible that the true effect size may genuinely differ across populations or study designs. The current meta-analysis provided the opportunity to examine whether there are any potential moderating factors that may be responsible for the variability in the published data. A variety of experimental paradigms and analysis methods have been used across the studies to date, and one possibility is that these differences account for the failure of some of the studies to replicate the original effect. However, our analysis found no significant moderating influence of study design characteristics, with the exception of Hardy-Weinberg equilibrium status (deviation from Hardy-Weinberg equilibrium is sometimes taken to indicate potential genotyping error). Other factors, such as experimental paradigm, imaging modality and experimental contrast, did not appear to substantially influence the pooled effect size estimate. Overall, our stratified analyses suggest that the variability seen across studies is mainly driven by inadequate sample sizes, and possibly genotyping quality, rather than differences in study design. It should be noted, however, that in many cases there were relatively few studies within an individual stratum of a stratified analysis, so that the power to detect statistically significant effects of study-level characteristics was often limited. Our meta-regression analysis did highlight one population characteristic that may influence effect size, namely age, with studies using older samples associated with a larger effect size.
The use of intermediate phenotypes to dissect the effects of genetic polymorphisms is an attractive strategy and has been applied to a number of polymorphisms. However, there have been a number of recent meta-analyses that have failed to confirm apparently reliable associations, 47, 48 suggesting that the power to identify the consequences of singlegenetic polymorphisms using this approach may be more modest than previously assumed. A theoretical basis for this unreliability has been identified by Flint and Munafò , 49 who suggest that the contribution of specific genes to endophenotypes may not necessarily be any larger than that it is to illness phenotypes. A particular danger lies in the assumption that intermediate phenotypes necessarily confer greater statistical power; if this is not the case, but studies use this assumption to justify the use of small sample sizes, the rate of false-positive findings among those studies that achieve nominal statistical significance will increase, which will be a consequence of the resulting low statistical power achieved. 50, 51 Future studies of the way in which genetic variation influences the processing of emotional information may have to use very large data sets with simultaneous measurements of several genes and appropriate mathematical modeling. Such a task is challenging but may equate more closely to the complex neurobiology of the brain mechanisms involved in emotional processing and their accompanying clinical disorders.
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